Objective: Instability of coronary atheroma leads to the onset of acute coronary syndromes including myocardial infarction and death, as well as to the progression of the arteriosclerotic disease. As yet, the underlying factors and mechanisms causing plaque rupture are not completely understood. Since a low content of smooth muscle cells (SMCs) apparently plays a key role, the question points to the events leading to the loss of intimal SMCs. Methods: We compared coronary atherectomy specimens from 25 patients with unstable angina to those from 25 patients with stable angina. Transmission electron microscopy was used to identify intimal cell population, to detect stage and cell type of apoptosis, and to differentiate between apoptosis and necrosis. Results: Plaques associated with unstable angina contained more macrophages / lymphocytes and significantly less SMCs (P50.01), compared with stable angina plaques. Specific cell death forms, apoptosis and necrosis, were present in all coronary atheroma. As key findings, both the proportion of SMCs undergoing apoptosis and the frequency of cytoplasmic remnants of apoptotic SMCs (matrix vesicles) were significantly increased in unstable versus stable angina lesions (P50.002 and P50.002). In addition, cellular necrosis was more frequent in the first coronary atheroma group (P50.02). Positive correlations were found between the frequency of apoptotic cells and necrosis (r50.41, P50.04), and that of matrix vesicles and necrosis (r50.63, P50.001) only in plaques with unstable angina, but not in those with stable angina. Conclusions: Our data demonstrate that high cell death due to apoptosis and necrosis is a basic in situ feature found in advanced coronary primary lesions associated with unstable angina, possibly explaining their low density of (viable) SMCs. Thus, antagonization of intimal cell death should be considered in order to stabilize the intimal plaque texture of coronary atheroma with the ultimate goal to prevent plaque rupture.
Introduction
predispose to or even (2) elicit the rupture of coronary atheroma is still incomplete. A body of intense invesPlaque rupture and subsequent thrombosis are key tigational work on human vulnerable lesions shows that a events in the onset of acute coronary syndromes and in the low density of smooth muscle cells (SMCs) and collagen, progression of the underlying arteriosclerotic disease [1- as well as an increased frequency of inflammatory cells, 3]. Therefore, a better understanding of the mechanisms associated with a considerable tissue degrading activity, and factors that allow the endovascular border to become are basically implicated in the breakdown of the plaque vulnerable is of outstanding importance. However, our fibrous cap [1] [2] [3] [4] [5] [6] [7] [8] . Based on the concept that apoptosis knowledge of the underlying pathogenic elements that (1) (programmed cell death) of SMCs plays an important role in vascular wall remodeling, recent studies on human plaque tissue have focused on apoptosis in different intimal lesions associated with acute coronary syndrome. These settings, such as restenotic lesions [9] , saphenous vein lesions were categorized as IB, IIB, IIC, IIIB (2) and IIIC. grafts [10] , early and advanced atherosclerotic lesions Restenotic lesions were excluded from the present study. [11] [12] [13] . Indeed, apoptotic self-elimination of SMCs may Medication of the patients included nitrates and aspirin in represent a beneficial adaptive response with the ultimate all patients, lipid-lowering therapy in 41 of 50 (82%), result of less obstructive vascular lesions. However, SMC b-blockers in 36 of 50 (72%) and calcium antagonists in apoptosis may also contribute to a weakened intimal 16 of 50 patients (32%), and thereby did not significantly plaque texture and to the reduced elaboration and deposidiffer between both patient groups. All patients were tion of extracellular matrix proteins, both leading to plaque treated with heparin 30-60 min before and throughout the instability. An additional, not yet answered question, in atherectomy procedure. Informed consent for the analysis particular in plaque rupture, addresses to a possible crossof tissue samples was obtained from all patients prior to talk between apoptosis and necrosis (as the accidental form revascularization. The investigation conforms with the of cell death).
principles outlined in the World Medical Association The objective of the present report was to identify stage Declaration of Helsinki [18] . and cell type of intimal apoptosis, to differentiate apoptosis from necrosis, and to relate these cell death forms to the 2.2. Fixation and transmission electron microscopy intimal cell population. To this end, we analyzed coronary (TEM) atherectomy specimens from a total of 50 patients by transmission electron microscopy, and compared lesions Immediately after percutaneous atherectomy, all speciassociated with unstable angina to those associated with mens were fixed in phosphate buffered 3.5% glutaralstable angina. Our data demonstrate that increased apopdehyde (pH 7.4). After 2 h, the tissue was placed in 1% tosis of SMCs and necrosis are important pathogenic glutaraldehyde. Additional fixation was performed for 2 h mechanisms involved in the vulnerability of human corin 1% OsO in phosphate buffer, followed by a thorough 4 onary atheroma, coincident with low SMC and high rinse of the tissue in buffer. Samples were then dehydrated inflammatory cell density.
twice through graded concentrations of alcohol and propylene oxide. After additional incubation in a mixture of propylene oxide and araldite (1:1), the blocks were embed-2. Methods ded in a mixture of araldite, (2-dodecen-1-yl)succinic anhydride and accelerator. cytoplasmic remnants, and cellular necrosis was based was seen with eight patients. Macroscopic thrombi were upon their specific morphological criteria as defined in detected within the plaque material removed from six several reports [9, 13, [24] [25] [26] [27] [28] . Morphometric evaluation was performed as recently described [9] ; also compare higher proportion of SMCs undergoing apoptosis for group Section 2. 3 ) and were final cell density [9] . The image of the microscope consistently seen in all lesions. These apoptotic remnants (Optiphot-2; Nikon) was relayed by a miniaturized video were present in extracellular matrix areas, isolated or in camera / downstream monitor (KP-C-553-CCD; Hitachi). membrane contact to SMCs and macrophages, respectiveTen randomly-selected intimal areas, each encompassing ly, as well as in the cytoplasm of both cell types.
2 0.04 mm , were assessed per tissue sample. Tissue analysis Quantitatively, their density was markedly higher (P, and subsequent computer-assisted evaluation were per-0.0001) for group 1 vs. group 2 lesions (Fig. 4) . In contrast formed by two different investigators blinded to patient to the features of apoptosis, typical characteristics of categorization and plaque feature data.
necrotic events were destroyed cell membranes and disintegrated extracellular matrix (Fig. 3d ). significantly larger portion in group 1 vs. group 2 plaques Based on the key finding of sparse SMC density with (25 vs. 10%), whereas overall intimal cellularity was unstable angina, this report studied SMC loss, morphologisimilar. These data are confirmed by several ex vivo and cally reflected by SMC death. Programmed cell death, or post mortem studies that show the prevalence of macroapoptosis of SMCs was found in all lesions. Fig. 1 phages in vulnerable lesions with focal localization in compares representative examples of SMCs undergoing ruptured and eroded zones, irrespective of the dominant apoptosis with viable SMCs. Most importantly, morplaque architecture [3] [4] [5] [6] [7] [8] . Also, apoptosis of macrophages phometric evaluation demonstrated a 2-fold (P50.005) was observed to a degree of 1-4% of the intimal cell pool, phage-rich areas, however, did not differentiate between arteriosclerotic lesions associated with unstable and stable angina. Also, one may critically question the specificity of the TUNEL test in detecting apoptosis and in differentiating it from the accidental type of cell death [30] . To overcome these limitations, the present study exclusively used transmission electron microscopy that is able to detect apoptotic events devoid of DNA fragmentation and definitely discriminate between apoptosis and necrosis [9, 19, 20 ]. Although we observed high, yet different levels of apoptosis for each lesion type, mean cell density remained that apoptosis, particularly that of SMCs, may be reversible at early stages or reveal an incomplete late course, as recently reported for dermal tissue cells [12] . Indeed, our the more with acute coronary syndromes. This finding that data give evidence for this hypothesis by the ultrastructural was coincident with a higher frequency of macrophages in scenario specifically observed for apoptotic SMCs ( . Most interestingly, this discriminplaques demonstrated proliferative activity to be largely ant pattern of SMC apoptosis frequently found in human restricted to macrophages, but not to SMCs [29] .
coronary plaque tissue is accompanied by the presence of Though SMCs represented the predominant intimal cell surrounding multilayered, basal lamina cages (Fig. 1c) , type in both lesion groups, their density was lower, when suggesting repetitive alternating episodes of cellular relesions were associated with unstable angina, as this is a covery, including basal lamina synthesis, and apoptosis, widely accepted feature of vulnerable plaques [3, 5, 6] . In indicated by the loss of cell adhesion. addition, most importantly, our data also demonstrate a The higher level of apoptosis in group 1 vs. group 2 significantly lower proportion of viable SMCs and, concorlesions is supported by a significantly larger frequency of dantly, a higher proportion of apoptotic SMCs in the matrix vesicles reflecting the final stage of apoptosis ( (Fig.  4) . Also, as illustrated in Fig. 3 , neighbouring SMCs and 2). The programmed form of SMC death was consistently macrophages were engaged in binding and internalizing observed in all coronary atheroma specimens. Our finding the apoptotic remnants. These findings have several impliof an increased percentage of SMCs that undergo apoptosis cations. Apparently, intimal SMCs bear a similarly dewith unstable angina (Fig. 2) is accompanied by an veloped capacity to engulf apoptotic debris as macroincreased frequency of apoptotic remnants (Fig. 4) . Therephages that are prototypes of phagozytosing cells. Indeed, fore, apoptosis could principally explain the loss of viable SMCs found in human arteriosclerotic lesions express SMCs. However, the present report demonstrates that, in specific integrins [34] such as the vitronectin receptor addition to apoptosis, accidental cell death events were (a b ) and the thrombospondin receptor (CD36) that are v 3 also more frequently seen in group 1 versus group 2 adequate binding structures for apoptotic bodies as known lesions. Taken together, our data on coronary plaque from experimental work with human peritoneal macrocomposition clearly identify apoptosis and necrosis to be phages [30, 35, 36] . As a consequence, competition for the involved as key mechanisms in predisposing and / or cellular binding sites between apoptotic debris and other eliciting plaque rupture via SMC depletion.
potential ligands, such as the proliferation-promoting When we regard our data on apoptosis in more detail, thrombospondin, the extracellular matrix components fiapoptotic SMCs showed a markedly higher proportion in bronectin, vitronectin, tenascin, osteopontin or other prounstable versus stable angina plaque tissue with 24 and teins with RGD sequences [36, 37] may impede with 12%, related to the total intimal cell pool, respectively SMC-matrix interactions and, thereby, modify intimal (Fig. 2) . These findings are confirmed by recent reports tissue texture. Though the engulfment phase of apoptotic using immunohistochemical TUNEL labeling that destructures is completed within hours [24] [25] [26] and mediated scribed an apoptotic index between 10 and 46% for human in part by exposure of phosphatidylserine [36, 38] , as coronary and peripheral plaque tissue [11, 12] . Interestingrecently shown by in vitro work, we still lack information ly, Han et al. [11] found maximal apoptosis in macroabout the further cytoplasmic pathway of apoptotic debris 4). The residual, smaller portion of viable SMCs that was detectable in unstable angina lesions (Fig. 2) is apparently not capable to compensate or even to eliminate the accumulated output of the apoptosis machinery.
Other important findings of the present report concern the normal pattern of the extracellular matrix and the paucity of cell debris adjacent to apoptotic structures (Fig.  3) . This suggests an effective sealing of the putative caustic contents of apoptotic structures [27], as commonly defined for apoptosis versus inflammatory necrosis. However, importantly, this also implies a focal destructive Indeed, our data reveal a positive correlation between the frequency of apoptosis and that of necrosis which becomes apparent with increased levels of apoptosis as found in unstable angina lesions (Figs. 5 and 6 ). Based on the concept of a cross-talk between apoptosis and necrosis, plaque areas rich in apoptotic structures may reflect a focally labile tissue architecture and, therefore, should be considered to predispose to plaque fissures and rupture. Conversely, locally effective proteinases, such as interstitial collagenase, gelatinase (M 92 000), stromelysin or r matrilysin [3, 6, [39] [40] [41] , may not only induce the degradation of specific extracellular matrix components, but also digest the membranes of nearby apoptotic structures with the ultimate result of non-selective 'boostering' of tissue The present study quantifies the extent of all apoptosis events that are implicated in chronic coronary arterioscleand its degraded products in human plaque SMCs. Several rosis of patients with unstable versus stable angina. By questions are still unanswered that concern the identity of necessity, this is a momentaneous and not a sequential the enzymes degrading apoptotic bodies, the effect of insight into the lesional composition. Therefore, these data phagozytosed structures on the cytoskeleton architecture do not allow to conclude for the rate or the spatiotemporal and the differentiation degree of SMCs, and the SMC pattern of intimal apoptosis. Also, this report does not engulfment capacity that may become exhausted at a specifically focus on the pathways and mechanisms of definite threshold, thus possibly leading to tissue destabiliapoptosis. However, with regard to the different extent of zation. Though group 1 lesions compared to group 2 SMC apoptosis (24 vs. 12%) observed in unstable comlesions contain more macrophages (Fig. 2) as 'professionpared to stable angina lesions [9] , one may question, al' phagocytes, the present study demonstrates a larger whether there are two (or even more) different pathways of pool of apoptotic endstage products in these lesions (Fig. apoptosis. Basically, one pathway may specifically regulate intimal cell density in chronic arteriosclerosis, apparently by a complex framework of protooncogenes (BCL-2, BCL-X , BAX), cell cycle regulators (E2F1, RB, p53) and L growth factors (PDGF, IGF), as shown by recent reports [13, 20, [42] [43] [44] [45] [46] [47] . In addition to this pathway that is responsible for the basal extent of apoptosis found in primary coronary lesions, a second or even more pathways of apoptosis are postulated leading to plaque vulnerability and rupture, as demonstrated by the present study. Specific cytokines, such as interferon-g (IFN-g) and tumor necrosis factor-a (TNF-a) and / or interleukin-1b (IL-1b) that are produced by activated macrophages [3] have recently been shown to lead to a severe loss of cellular integrity and, Fig. 6 . Relation between the density of cytoplasmic remnants of apoptotic finally, to predispose to apoptosis in vitro [48] .
cells (matrix vesicles) and the frequency of necrosis, group 1 (h---h) vs. group 2 (d---d).
In summary, high apoptosis and necrosis in human 
